. The appropriate putatypes. Consistent with this hypothesis we have found tive secondary structure and residues critical for the that treatment with four independent mGluR antagoefficient binding of MPEP are for the most part connists or lithium can restore the naive courtship levels of served in the Drosophila mGluR sequences ( Figure S2 ). the dfmr1 mutants to those observed with control flies.
Thus it appeared that MPEP might be capable of antagWe also examined the learning and memory capabilionizing the Drosophila mGluRs. They also appeared to ties of the dfmr1 mutant flies, using the conditioned be the only targets, as a genomic database (BLAST) courtship paradigm. We found that although dfmr1 musearch for other protein sequences with primary setants display normal learning during training with a prequence homology to the MPEP binding pocket region viously mated female, they fail to display any memory of human mGluR5 failed to reveal any other potential of the training, thus identifying a cognitive deficit in targets. these mutants. Moreover, dfmr1 mutant flies display
We first examined the ability of MPEP treatment to normal memory of conditioned courtship when treated restore normal courtship behavior in the dfmr1 mutant with the above-mentioned agents. Previous studies males. Courting Drosophila males perform a characterhave linked the mushroom bodies (MBs) to learning and istic sequence of behaviors: orienting toward and folmemory ( Sturtevant, 1915) . The percentage of time that the male we examined the effect of our drug treatments on these spends performing any of these behaviors toward a malformations. We found that although certain treattarget during a defined period of time is referred to as ments can rescue them, restoration of normal MB the courtship index (CI) (Siegel and Hall, 1979) . In a prestructure is not a prerequisite for restoring memory. In vious study, we observed that dfmr1 mutant males, or sum, our results indicate that enhanced mGluR activity "FS" males (homozygous dfmr1 3 plus one transgenic is a conserved feature of the fly model for Fragile X copy of a genomic fragment containing a frameshift and is causative of some of the behavioral and neuronal mutation in the dfmr1 open reading frame; see Dockphenotypes. These findings also suggest that similar endorff et al., 2002) did not court virgin females as vigmodulation of mGluR activity in Fragile X patients orously as did wild-type control males (w−) or "Rescue" should be explored as an approach to ameliorate their males (homozygous dfmr1 3 plus one transgenic copy cognitive defects and behavioral symptoms. these two lines were used for most comparisons.
Mutant Flies with MPEP Treatment
MPEP efficacy was tested by treating larvae during To investigate the effect of modulating mGluR activity development and adult flies after eclosion to determine on the behavior of the dfmr1 mutant flies, we examined if restoration of normal behavior required reduction of the Drosophila genome to determine the complexity of mGluR activity during either or both of these periods. mGluRs and their distribution, as well as looked for These groups are designated in the following text by a drugs that might be useful in antagonizing their activbinary code in which the first two-letter acronym indiity. Only two potential mGluRs are present in the Drocates the food type given larvae during development, sophila genome, DmGluRA and DmGluRB (also called and the second acronym denotes the food type given DmXR). Sequence comparison and pharmacological the adult flies upon eclosion and for 4 days thereafter. studies indicate that DmGluRA is most closely related All flies were placed on control (CT) food the day beto vertebrate group II and group III mGluRs (see Figure  fore testing. S1 in the Supplemental Data available with this article
In testing decreasing concentrations of MPEP (M), online; Parmentier et al., 1996) . It is expressed throughwe found that treatment with 86 M MPEP resulted in out the brain with enhanced expression in the antennal a striking increase in the naive courtship levels of FS lobes, optic lobes, mushroom bodies, central complex, flies. When compared to the courtship activity of CTand median bundle (Ramaekers et al., 2001 ). DmGluRB CT FS flies, significantly more courtship activity was bears closest homology to group III and the next closobserved in FS flies that were treated with 86 M MPEP est homology to group II mGluRs ( Figure S1 ), but does as larvae, as adults, or at both stages ( Figures 1A-1D) . not appear to bind glutamate (Mitri et al., 2004 When Rescue flies were raised on CT food and then MPPG and MTPG are group II antagonists that were chosen because they also have been shown to antagoplaced on MPEP-containing (M) food as adults, courtship activity was depressed relative to that in CT-CT nize the DmGluRA in a heterologous expression system (Parmentier et al., 1996) . In contrast to MPEP, these anRescue flies, (Figures 1A and 1D dosages of both 5 mM and 50 mM, we observed that recently mated females are unreceptive, display different behaviors, and will not allow copulation to occur naive courtship was significantly restored (Figures 2A,  2C , and 2E), whereas no increase was observed in CT (Greenspan and Ferveur, 2000). They also have an altered pheromonal profile that the naive male finds less (5 mM and 50 mM NaCl) FS flies ( Figure 2C ). Thus, the treatment with these five independent drugs leads to a provocative (Cobb and Ferveur, 1996) . A naive male paired with a mated female will initially court her, but similar significant rescue of naive courtship, indicating that reduction of mGluR activity in dfmr1 mutant flies his courtship activity soon decreases; after 1 hr of experience with the mated female, his courtship, when leads to the restoration of this behavior. Also noteworthy is the consistent effect that these drugs had on subsequently paired with a virgin female, remains depressed for 2 to 3 hr (Siegel and Hall, 1979) . This effect the Rescue flies as they all led to a similar depression in naive courtship activity ( Figures 2B, 2D , and 2F). The is not a general suppression of all courtship activity, since a male's tendency to court an immature male is consistency of these results argues that all of these drug treatments are affecting the same target.
not
suppressed (Gailey et al., 1984). Also, experience with a virgin female does not depress courtship toward a subsequent virgin female, as long as copulation is Learning and Memory Phenotypes of dfmr1 Mutants Assessed by Courtship Conditioning not prevented (Gailey et al., 1984)
. After training with a previously mated female, a decrease in CI toward virgin Since mGluR activity has been linked to learning and memory processes and our results presented above infemales is indicative of behavioral plasticity in the form of memory. dicate that mGluR signaling is altered in the dfmr1 mutant flies, we investigated whether learning and memIn the conditioned courtship paradigm, learning during training can be assayed by comparing the CI of the ory defects could be detected in flies lacking dfmr1 activity. Learning and memory can be examined in Drofirst 10 min after the male is paired with an unreceptive female with the CI of the last 10 min period of the pairsophila by utilizing conditioned courtship behavior. In conditioned courtship, a male fly learns to modify his ing. Wild-type flies typically show a 40% or more decrease in courtship activity (Joiner and Griffith, 1997; courtship behavior after experience with an unreceptive female (Hall, 1994) . This is a complex associative Kane et al., 1997). Hence, learning during training is a form of behavioral plasticity, but it may be a mix of aslearning paradigm that potentially involves multiple sensory inputs (Ackerman and Siegel, 1986; Tompkins, sociative and nonassociative memories and is distinct from memory as assayed posttraining, which is an as-1984; Tompkins et al., 1982 Tompkins et al., , 1983 . Courting male flies perform a sequence of behaviors (as described above).
sociative memory. Additionally, intact memory can occur without learning during training, and learning during Virgin females generally respond by mating; however, nal intervals, indicating that all groups demonstrated learning during training ( Figure 3A) . It is important to note that the level of courtship behavior toward the previously mated female was similar among all four genotypes. This indicated that although naive courtship toward a virgin female had previously been shown to be depressed for dfmr1 and FS flies (Dockendorff et al., 2002) , there is enough courtship activity toward an unreceptive female to adequately train each of the two mutant groups. This is important to note, because without active courting, the male fly cannot be trained (Tompkins et al., 1982 (Tompkins et al., , 1983 ).
Since MPEP treatment had positive effects in FS flies and negative effects in Rescue flies on naive courtship capabilities, we examined if MPEP treatment had any effects on these flies' learning capabilities during training. We found that treatment by MPEP either in development or in adulthood, or at both times, did not prevent learning during training ( Figures 3B-3E) . Also, treatment of adults with 400 nM LY341495, 573 M MPPG, or 348 M MTPG had no effect on learning during training (data not shown). It is noteworthy that this was also true for the CT-M Rescue and CT-CT FS flies. These two groups displayed similarly low CIs in the naive courtship assay, but during the courtship conditioning training session displayed levels of courtship similar to those of all of the other groups, indicating that enough courtship activity was present to adequately train each of these two groups.
Analysis of Immediate Recall Memory in dfmr1 Mutant Flies Trained by Courtship Conditioning
In Drosophila there are five phases of memory that have been identified and categorized in several genetic and pharmacological studies. There is an immediate recall In Figure 4A , the w− and Rescue flies showed significant depression of courtship activity after training compared to that of naive males. However, dfmr1 and FS mutant flies courted just as vigorously after training training can occur without posttraining memory (Joiner with a previously mated female as did naive males. This and Griffith, 1997; Kane et al., 1997).
implicates a deficit in behavioral plasticity for dfmr1 To assess learning during training, male flies were and FS mutant flies at immediate recall (0-2 min placed in a training chamber with a previously mated memory). female for 1 hr, and the amount of time that the male spent actively courting in the initial 10 min interval was compared to the amount of courtship activity observed
Rescue of Memory with mGluR Antagonists and LiCl Treatment in the final 10 min interval ( Figure 3A) . The courtship levels of w−, dfmr1, Rescue, and FS were all similar and Since naive courtship was rescued and the normal learning during training displayed by the FS flies was showed significant depression from the initial to the fi-ship activity immediately after training when compared to the naive courtship levels obtained for each treatment protocol (Figures 4C-4E) . Therefore, treatment of FS flies with MPEP during development, or as adults alone, is sufficient to restore behavioral plasticity in flies that lack dfmr1 function.
In this experiment, we also observed that all Rescue groups demonstrated significant depression of courtship activity immediately after training relative to groupmatched naive flies (Figures 4B-4E ). This indicates that the administration of M food during development, adulthood, or at both times, does not adversely affect immediate recall in these control groups, although naive courtship was depressed in the CT-M Rescue line ( Figure 4E ).
Since immediate recall was not detected in flies lacking dfmr1 activity, we explored whether short-term memory was also affected, and, if so, determined whether it could be rescued by MPEP. To assay shortterm memory, the trained male was placed in a holding chamber for 60 min and subsequently placed in a testing chamber with a virgin female target (Figures 5A-5D ). The results obtained parallel those of immediate recall after MPEP treatment. All of the FS flies treated with MPEP, during development, as adults, or at both times, displayed significant experience-dependent reduction of courtship activity at 60 min after training (Figures 5B-5D ). In contrast, the CT-CT FS flies courted just as vigorously at 60 min after training as did naive CT-CT FS flies, indicating an absence of short-term memory in these mutant flies ( Figure 5A ). As observed with immediate recall memory, none of the MPEP treatments affected the short-term memory displayed by the Rescue flies (Figures 5A-5D ).
To verify that the restoration of memory observed with the MPEP-treated FS flies was occurring through the downregulation of mGluR activity levels, we deter- mGluR antagonists. The memory assays as performed above utilized a virgin female target to test for memory. Since flies lacknot significantly affected by MPEP treatment, we examing dfmr1 activity display reduced courtship activity toined the ability of MPEP to restore immediate recall ward these targets, we wanted to verify that the ob-(0-2 min) memory. As observed above, the CT-CT FS served memory deficit was not due to a problem with flies failed to exhibit any change in their courtship activrecognizing or processing the appropriate cues from ity as a result of training ( Figure 4B) . Importantly, all of the virgin female target. Therefore, we used a modified the FS groups that were treated with MPEP displayed version of the conditioned courtship paradigm in which the male is paired with a mated female target subsesignificant experience-dependent reduction of court- This rescue of the β-lobe fusion defect suggests that toring of locomotor activity. In all of our trials, we failed to detect any rescue of circadian behavior (Table S1 prevention of this defect is key to rescuing the memory defects observed in FS mutant flies. If this is true, then and data not shown). Therefore, the failure of dfmr1 flies to maintain free running rest:activity rhythms does we would expect that treating FS mutant flies with mGluR antagonists during adulthood alone would lead not appear to be due to the same defect that causes reduced naive courtship, MB fusions, and a lack of to similar morphological rescue. To test this hypothesis, we treated FS mutant flies with 8.6 M MPEP for 4 memory in these flies. days, starting at eclosion, and then transferred them to normal food for 24 hr before examining the morphology Discussion of their MBs. For comparison we also examined the MBs of flies on control food for 5 days. Contrary to the Previous studies of dfmr1 mutants have revealed pheresults obtained when the drug treatments were pernotypes with parallels to those observed in the Fmr1 formed during development, we did not observe any knockout mouse and Fragile X patients. In this study rescue of the β-lobe fusion defects with the treatment we have expanded the behavioral analysis of the Droduring adulthood ( Figure 7G) . Thus, it appears that ressophila Fragile X model to include learning during traincue of this morphological defect is not absolutely reing and memory as measured by the conditioned courtquired for the rescue of the memory defects observed ship paradigm with both virgin and mated female in the dfmr1 mutant flies.
Figure 5. Effects of Drug Treatment on Short-Term Memory in Flies Lacking dfmr1 Activity (A-H) Short-term (60 min) memory was measured in Rescue and FS flies that were either given control food or administered various drug treatments as described below. Short-term memory was measured by placing a trained male in a holding chamber for 60 min, then subsequently placing him in a testing chamber with a virgin female target for a 10 min courtship interval. The resulting CI is compared to the CI obtained for naive courtship. For (A)-(D), the mean CIs (±SEM) and levels of significance are plotted as described in the legend of Figure 1. (A-F) Black bars, CIs of Rescue flies; open bars, CIs of FS flies. (A) The courtship activity of Rescue flies is significantly reduced 60 min posttraining when compared to the level of naive courtship. FS flies 60 min posttraining fail to display any reduction in courtship levels when compared to naive courtship levels, thus demonstrating lack of any detectable short-term memory in this assay. (B-D) Rescue and FS flies whether fed 86 M MPEP during development and adulthood (M-M Rescue and M-M FS) (B); during development alone (M-CT Rescue and M-CT FS) (C); or during adulthood alone (CT-M Rescue and CT-M FS) (D) all display a significant reduction in courtship activity
targets. In this assay, we found that dfmr1 mutants display normal behavioral plasticity of learning during training, but lack any detectable memory of this train- must be additional unidentified defects that cause the memory deficits.
Statistical Analyses
The finding that the fusion of the β-lobes can be observed in the dfmr1 mutants is most likely due to a failure to respond to midline cues that signal these neurons to stop their growth, rather than to defects in prun- 
